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Abstract 
In recent years, the genus Brachypodium has become of great interest to researchers, 
for use as a model grass system for cereal crops. Exploring the traits of a model 
species provides researchers with a broader understanding of internal genetic 
operations of evolutionarily related plant species, leading to advances in selective 
breeding of crop plants for profitable and sustainable phenotypic traits. Model 
species process many favorable traits including rapid life cycles, ease of 
transformation, among others. Many advances have been made to optimise the 
Brachypodium genus as a model species, including whole-genome sequencing, BAC 
libraries, EST sequences, availability of many natural accessions. The most widely 
studied species in the Brachypodium genus, B. distachyon has rapidly soared to the 
frontline as a model species due it its short life cycle (annual), rapid generation time, 
small stature, known genetic sequence and amenability in tissue culture and field 
conditions. In contrast, the perennial relative B. sylvaticum is favoured for being a 
model species for perennial bioenergy crops including switchgrass and Miscanthus. 
Although not as widely studied as B. distachyon at present, B. sylvaticum is diploid, 
self-fertile, with a short generation time. These traits encourage the development of 
B. sylvaticum into a perennial crop model species. This thesis outlines tissue culture 
conditions needed to produce compact embryogenic callus (CEC) from both mature 
and immature embryos from the accessions, Bd21 of B. distachyon and Ain-1 of B. 
sylvaticum. Induction and propagation of embryogenic callus were promoted by 
different concentrations of 2,4-Dichlorophenoxyacetic acid (2,4-D) and 6-
Benzylaminopurine (BAP) in the callus induction medium (CIM). An 
Agrobacterium-mediated transformation system was developed for immature and 
mature embryonic callus using the virulent strain AGL1 carrying the pCAMBIA 
1305.2 vector. This vector possesses the nptII gene for bacterial selection with 
kanamycin, the β-glucuronidase GusPlus gene for histochemical staining and the 
hptII gene for plant hygromycin phosphotransferase II selection. The reporter beta-
glucuronidase (GUS) gene was driven by the CaMV35S promoter and terminated by 
the CaMV35S polyA signal. Successful transformation was detected using 
polymerase chain reaction (PCR) technology. Detecting a positive result for the T-
DNA hptII gene and a negative result for the intercistronic region between Vir B and 
Vir G genes indicated positive tissue transformation. A positive result intercistronic 
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region would indicate the AGL1 was present on the outside of the plant tissue as this 
region would not be integrated into the plant tissue during transformation. 
Embryonic callus production, transformation efficiency (up to 22%) and 
regeneration efficiency (up to 26%) were compared between both species using this 
protocol. Production and transformation of mature and immature embryos of both 
species, along with regeneration of transformed plantlets, is another positive step in 
the journey to making B. distachyon and B. sylvaticum into model species.  
 
 
Keywords: model grass species, immature embryo, mature embryo, compact 
embryonic callus, callus induction medium, Agrobacterium-dependent 
transformation.  
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Introduction. 
Model species have been a huge influence on the discoveries and advances in 
biology today. Model species allow crop genetic improvement and fundamental 
research on internal mechanisms of plant species (Flavell, 2009). Desired properties 
for a model can be divided into three main areas: Firstly, practical reasons for ease of 
tissue culture including small size, short generation time and ease of genetic 
manipulations such as crossing and mutagenesis. Secondly, standardized protocols 
for DNA and RNA isolation and transformation, among other laboratory methods. 
Thirdly, after extensive research community resources are developed including 
availability of genetic strains, reporter constructs, databases among others (Chang et 
al., 2016). Previously, Arabidopsis thaliana was considered a model species for both 
monocot and dicot plants providing many scientific breakthroughs in plant 
development, cell signaling, hormone biology, pathogen defense, disease resistance, 
abiotic stress responses among others (Flavell, 2009; Provart et al., 2016). According 
to O’Malley and Ecker (2010), 88% of the Arabidopsis genes have been manipulated 
to date. Phylogenetically, Arabidopsis thaliana is only distantly related to the 
Poaceae family (which contains many cereal crops and forage grasses) and has 
become limited when used in the investigation of monocot plants and their distinct 
molecular processes (Devos et al., 2002; Keller and Feuillet 2000).  
In 2001 Brachypodium distachyon was first proposed as a model system (Draper et 
al., 2001). Similar to Arabidopsis, B. distachyon has favourable traits, including 
small stature, short life cycle, self-fertility and a small genome. Developments have 
been made in comparative studies between Brachypodium species and other major 
crops by the International Brachypodium Initiative, (2010). Due to the easily 
accessible genomes of Brachypodium species, T-DNA insertion and mutagenesis of 
these Brachypodium model species has become of great interest to researchers. B. 
distachyon also serves as a functional model with advances made in storage proteins 
by  Larré et al. (2010); endosperm and cell wall characterization by Guillon et al. 
(2011); and shoot and root growth by Watt et al. (2009). Although Brachypodium is 
not agriculturally important, it has now been widely investigated and accepted as a 
model species (Brutnell et al., 2015; Kellogg, 2015b; Lyons and Scholthof, 2015, 
2016; Vogel, 2016). DNA sequences from the Brachypodium family have been 
conserved in the genomes of many grass species including wheat, rice, maize (Zea 
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mays L.), barley (Hordeum vulgare L.) and rye (Secale cereale L) (Abbo et al. 1995; 
Aragon-Alcaide et al. 1996; Moore et al. 1993a). The Brachypodium species has 
been successfully used by Tianyue et al. (2016) for T-DNA insertion to study wheat 
stripe rust (Fitzgerald et al., 2015)  and in cereal pathogen interactions, providing the 
first pathosystem model in the ramularia leaf spot disease (Peraldi et al., 2013).   
 
The first investigation into plant tissue culture of B. distachyon was carried out by 
Bablak et al. (1995) with the production of embryogenic callus from mature seeds. 
The inbred line Bd21 has been identified as the standard genotype for genomic 
sequencing and Agrobacterium-mediated transformation by many research groups 
(Bragg et al. 2015; Vogel and Hill, 2008; Alves et al., 2009; Behpouri et al., 2018; 
Vain, 2008; Vogel, 2006).  
In parallel, the perennial species B. sylvaticum has also been included in the race for 
a monocot model species due to similar traits to its annual relative, including short 
generation time, diploid genome, self-fertility and modest stature (Steinwand et al., 
2013). Perennial grasses are widely grown for turf and forage as well as becoming a 
significant source of renewable energy (McCalmont, 2015; Christian 2003). It is 
predicted that perennial grasses will give rise to 16 billion gallons of renewable 
energy fuels by 2022 (Carroll and Somerville, 2009). Development of perennial crop 
species through selective breeding will help to address many agricultural problems 
associated with conventional annual small-grain cropping systems, including 
environmental conservation, food security, soil erosion and degradation. Perennial 
grasses recycle nutrients to their roots during senescence thus requiring less 
fertilizer. In addition, their roots are deeper in the soil, reaching water that is out of 
reach for the roots of annuals (Zhang et al., 2011). Therefore, it is a common desire 
for many researchers to have a model perennial species (Gordon et al., 2016). 
 A 370 kb region of a B. sylvaticum sequence was compared to a homologous region 
of the rice genome. It is predicted that divergence from the Pooideae happened 
approximately 40 million years ago, thus indicating a closer evolutionary 
relationship of B. sylvaticum to forage grasses, wheat and barley than rice (Bossolini 
et al., 2007). B. sylvaticum has already aided researchers to pave the way to a 
perennial model species, being used to clone wheat genes using bacterial artificial 
chromosomes (Foote et al., 2004).  
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When developing a model plant one of the most important traits is the production of 
an efficient transformation protocol. Using tissue culture and regeneration system 
(Bablak et al., 1995), microprojectile bombardment protocols (Draper et al., 2001; 
Christiansen et al., 2005) and Agrobacterium-mediated transformation (Vogel et al., 
2006) have all successfully been used for transformation of Brachypodium species. 
These protocols provide transformation frequencies of B. distachyon up to 88% 
(Behpouri et al., 2018). While transformation frequencies of B. sylvaticum are not as 
extensively researched, transformation frequencies reported at 67% using immature 
embryos (Steinwand et al., 2013).  
 
 
Formation of embryonic Brachypodium callus 
Embryogenic callus production of somatic embryogenesis (SE) from mature and 
immature embryos has in recent years, become one of the most powerful tools when 
studying plant transformation, breeding programs, genomics and morphology 
(Kotchoni et al., 2012; Gondo et al., 2017; Gaj, 2004). SE enables plant somatic cells 
to develop into the structures that in terms of both their morphology and physiology 
resemble zygotic embryos (Zimmerman, 1993). Different methods for callus 
induction have been investigated in both monocot and dicot plants. Green and 
Philips (1975) first reported regeneration of plantlets from immature embryos of 
maize. Media enriched with 2,4-D and BAP are commonly used for the induction of 
embryogenic callus (Sahoo and Tuteja, 2012). Bablak et al. (1995) originally 
produced embryogenic callus from mature seeds of B. distachyon on CIM containing 
2.5mg/L of the auxin 2,4-D. Embryogenic callus in grasses can be classified as a 
type I or type II. Type I callus is characterized by compact form, slow-growth, white 
or light yellow in colour, morphologically complex and organized. Type II callus is 
characterized as friable where the somatic embryos are discretely arranged 
throughout the culture (Armstrong and Green, 1985). This friable nature makes type 
II callus preferable as it maintains the ability to regenerate plants after many 
subcultures (Fromm et al., 1990; Gordon-Kamm et al., 1990). Type II callus tends to 
be initiated at a lower frequency than type I from embryos and has been obtained 
from fewer genotypes in maize (Carvalho et al., 1997). 
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Agrobacterium-mediated transformation of embryonic callus from B. distachyon 
and B. sylvaticum 
 
Agrobacterium tumefaciens in nature 
The gram-negative, soil-borne, bacterial species Agrobacterium is a natural pathogen 
of many dicotyledonous plant species. Diseases include; hairy root disease caused by 
Agrobacterium rhizogenes, crown gall disease from Agrobacterium tumefaciens and 
crown gall of grape from Agrobacterium vitis (Mohammed et al., 2019).  In nature, 
Agrobacterium bacterial species are capable of causing neoplastic diseases in plants 
by inserting a specific region of their own DNA (T-DNA) into the genome of the 
plant being infected, causing uncontrolled cell division (Tzfira & Citovsky, 2002). 
The method by which these microbial species cause disease has been manipulated to 
aid in plant genetic transformation (Gelvin, 2003). All virulent Agrobacterium 
bacterial species contain a tumour inducing (Ti) plasmid or root inducing plasmid 
which, in turn, encode virulence (vir) genes. Agrobacterium tumefaciens is attracted 
to phenolic compounds and sugars released from a wounded plant by chemotaxis. 
The vir operon region encodes VirA and VirG gene products that form a regulatory 
complex. This complex recognises chemical signals released by the wounded plant 
and induces transcription. Transcription of vir genes on the Ti plasmid is induced 
either simultaneously to the attachment of the bacterium to the plant or before 
(Stachel & Zambryski, 1986). Upon the recognition of the wounded plant signals the 
VirD1 and VirD2 proteins are expressed and nick the T-DNA region of the Ti 
plasmid. This nick is usually between bases 3 and 4 of the homologous 25-bp left 
and right border repeat sequences that flank and define the T-DNA, located in cis to 
the vir region (Otten et al., 1984; Schrammeijer et al., 2003; McCullen and Binns, 
2006). VirD attaches to the 5′ end of the T-DNA and exits the bacterium into the 
plant cell through the T4SS (secretion system). The T4SS also translocates vir 
effector proteins VirD5, VirE2, VirE3, and VirF. This transportation process of the 
T-DNA and vir effector proteins out of the bacterial cell is an ATP-driven process. 
When inside the plant cell, the T-DNA is non-covalently coated by VirE2 to form a 
VirD2/VirE2/T-DNA T-complex. VirD2 directs the T-DNA to the nucleus of the 
host cell by using its strong C-terminal nuclear localization signal sequence (Gelvin, 
2012; Gelvin, 2017). The T-complex enters through the nuclear pores and targets the 
host’s nuclear DNA. It is believed that the T-DNA is randomly integrated into the 
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host DNA by non-homologous end joining, a DNA repair mechanism (Mohammed 
et al., 2019; Galvin, 2017). Once incorporated in the host genome, the T-DNA is 
transcribed from then on in the host genome.  
 
Manipulation of the Agrobacterium pathology to use in the genetic 
transformation of plants  
 
The mechanism of DNA transformation using Agrobacterium has been widely 
studied for many years. The breakthrough in plant Agrobacterium transformation 
was made by  Hoekema et al. (1983) and de Framond et al. (1983)  when it was 
determined that the T-DNA and vir regions of Ti-plasmids could be separated into 
two vectors inside the same Agrobacterium cell. The vir genes could still produce 
proteins that act on T-DNA in trans, for T-DNA translocation. Many genes for 
tumour induction and oncogenes are deleted to produce a disarmed Agrobacterium. 
This method was termed “T-DNA binary systems” and is commonly used today, 
utilizing E. coli cloning vectors (Lee and Gelvin, 2008). For high throughput 
screening of transformed plants, selectable marker genes are integrated into the T-
DNA sequence and subsequently expressed in the host tissue. Selectable markers 
result in antibiotic resistance. Transformed tissue can be regenerated on medium 
containing a specific antibiotic. Successful transformation will ensure that 
transformed tissue will regenerate due to the resistance against the antibiotic, whilst 
untransformed tissue will die from antibiosis (Bevan et al., 1984; McBride & 
Summerfelt, 1990; Rodgers et al., 1987).  
Transformation of dicots has become a routine procedure in recent years. 
Unfortunately, this cannot be said for monocot species as they are not the natural 
hosts of Agrobacterium. The most popular methods of transformation of plants 
include Agrobacterium-mediated transformation (Clough and Bent, 1998; Gelvin, 
2003) and particle bombardment (Bidney et al., 1991; Altpeter et al., 2005). 
Agrobacterium-mediated transformation inserts lower copy numbers of DNA into 
the host plants genome compared to particle bombardment (Shou et al., 2004; 
Karami et al., 2008). It is believed that single copy transgenes are more stably 
expressed than multiple copy transgenes. Single copy number insertions are more 
likely to produce a transgenic event with less unstable transgene expression from 
gene silencing (Shou et al., 2004; Karami et al., 2008). Factors affecting 
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Agrobacterium-mediated transformation include; the bacterial strain used, explant 
used, host genotype, plant growth regulators and antibiotics, explant wounding, 
temperature and light (Salas et al., 2001; Tzfira et al., 2006; Hwang et al., 2002; 
Huang et al., 2004; Karami et al., 2008). It is essential to develop an efficient 
transformation protocol for the individual host plant used.  
 
Objectives  
Both Brachypodium species were compared throughout this thesis. Germination of 
mature seeds of both species was observed on different media. Induction of CEC 
from mature and immature embryos was monitored, exploring the effects of different 
levels of 2,4D and BAP in CIM on callus growth for 9 weeks. The Agrobacterium 
strain AGL1 was used in this investigation for transformation containing the binary 
vector pCAMBIA 1305.2. This binary vector also includes the β-glucuronidase 
(GUS) reporter gene driven by the cauliflower mosaic virus 35S promoter 
(CaMV35S). The Staphylococcus gusA gene is present with a catalase intron, 
ensuring expression in plants only. It contains the selection cassettes neomycin 
phosphotransferase II (nptII) and hygromycin phosphotransferase II (hptII) 
conferring kanamycin (bacterial selection) and hygromycin (plant selection) 
resistance respectively (Binka et al., 2012). PCR and gel electrophoresis reactions 
were used to detect the hptII (T-DNA) in transformed plant tissue. Primers for the 
intercistronic region between Vir B and Vir G genes were also used. This 
intercistronic region is not a part of the T-DNA sequence. Therefore, the 
intercistronic region should not be detected using PCR and gel electrophoresis 
reactions in transformed plant tissue. Regeneration transformed plantlets on 
regeneration media of shoots and roots grew to a minimum of 5 mm. 
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2.0 Materials and Methods 
 
2.1 General aseptic techniques  
The production of all sterile in vitro plant material and microbial procedures were 
performed within Laminar Air Flow Hoods (S5 module Bassaire). Before each use, 
the hoods were surface sterilized using 70% (v/v) ethanol. All utensils, where 
applicable, were autoclaved (Rodwell Ambassador) at 110kPa for 15 minutes at a 
temperature of 121°C. All plant and microbial culture media were also autoclaved. 
Any components of media that were not autoclavable due to heat liability were filter 
sterilised into 50 mL falcon tubes using a 0.2 µm filter (Swinnex filter unit) and a 
sterile syringe. These components were added to their respective media after 
autoclaving at appropriate temperatures. Forceps, scalpels and needles were 
sterilized using glass bead sterilizers at 250°C and immersed in 100% ethanol 
throughout tissue techniques when not in use. Inoculating loops were immersed in 
100% ethanol and flamed using a Bunsen burner until red before and after each 
microbial streak, then resuspended in 100% ethanol when not in use.  
 
2.2 Plant growth conditions and seed germination.  
Seeds of inbred lines of B. distachyon (Bd21) were made available by John Vogel 
(DOE Joint Genome Institute), whilst inbred lines of B. sylvaticum (Ain-1) were 
ordered from Riken BRC (resource number psbB00001). Seeds from both accessions 
were stored at 4 °C until use. Growth conditions were the same for both species as 
described by Hunt et al. (2014). Plantlets were grown in 7 cm diameter pots in multi-
purpose compost (2:1; Shamrock Multi-purpose Compost, Shamrock Horticulture, 
UK) and placed in growth chambers set at 20h light (at 110 μmol m-2 s-1) and 4h dark 
at a temperature of 25 °C without shading. Plantlets were watered every 2 days.  
 
2.3 Tissue culture conditions 
2.3.1 Seed germination in vitro   
Mature seed from both species were soaked in sterile water for two hours before the 
removal of the palea and lemma using fine forceps. The dehusked seeds were surface 
sterilised using 70% v/v ethanol for 30 seconds and 15% “domestos” bleach plus 
0.1% Triton X-100 for 30 mins in an Eppendorf tube. Seeds were washed 3 times 
with sterile distilled water (Bablack et al., 1995). Sterilized seeds were germinated 
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on moist filter paper or placed on different media containing: 4.4g/L of Murashige 
and Skoog medium (Duchefa M0222.0001) with or without vitamins (the latter 
being basal MS (Duchefa M0221.0005) and with or without 30g/L sucrose (Duchefa 
S0809.1000). The media used are represented in Table 2.1. The pH of all the media 
was adjusted to 5.8 using 0.1M HCl or NaOH. The media were solidified using 8 g/L 
of plant agar (Duchefa P1001.1000). Petri dishes contained approximately 25 mL of 
the medium. Methodologies for this germination test were adapted from Ellis & 
Roberts, 1981 and Galiè et al. (2013) for a quantitative measurement of germination. 
Eight replicates of 25 seeds were observed daily. Germination was considered 
complete when the radicle was 2 mm in length (Barrero et al., 2011). Germination 
tests were considered finished when no additional seeds germinated over a period of 
5 days. Seeds which had not germinated were dissected to determine whether they 
were viable, non-viable, infected or empty. Percentage germination was calculated 
by the number of seeds germinated, divided by the number of seeds plated. All petri 
dishes were sealed with parafilm and placed in growth chambers with conditions 
described previously. A qualitative percentage germination was determined by:  
 
     Number of seeds germinated          100 
            Number of seeds planted         X     1 
 
 
Table 2.1: Summary of the media used for germination of mature seeds of both plant species in this 
investigation. 
 
Germination Media 
A  Murashige and Skoog medium with vitamins and 3% sucrose (MS+ vit 3%S) 
B Murashige and Skoog medium with vitamins and no sugar (MS+ vit no S) 
C Murashige and Skoog basal medium with 3% sucrose (MS basal +3% S) 
D Murashige and Skoog basal medium with no sugar (MS basal no S) 
E Moist filter paper (Filter paper) 
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2.3.2 Callus induction from immature embryos of B. distachyon and B. 
sylvaticum  
Immature seeds were harvested 2-4weeks after anthesis when the endosperm had not 
filled the entire seed. The palea and lemma were removed using a forceps and 
immature seeds were placed in sterile distilled water. Immature seeds were surfaced 
sterilised using 10% “domestos” bleach for 6 mins with occasional shaking and 
rinsed three times using sterile distilled water. Immature embryos were excised using 
a microscope in the flow hood with a scalpel (Vogel et al., 2006). The seeds were 
anchored by inserting the forceps approximately halfway up the seed to prevent 
movement, using the scalpel to make a small incision at the back of the seed. The 
immature embryo is located at the bottom of the seed. Smaller immature embryos 
produce the most callus (between 0.3 mm and 0.5 mm) (Bragg et al., 2015). 
Immature embryos were then placed scutellum side down in the callus induction 
medium (CIM) for B. distachyon consisting of 4.4 g/L of Linsmaier and Skoog 
Medium with vitamins (LS); Duchefa L0230.0010), 30g/L of sucrose (Duchefa 
S0809.1000), 1mL of 0.6 mg/ml CuSO4 (Sigma-Aldrich 101210938; Alves et al., 
2009; Bragg et al., 2012), different concentrations of 2,4-dichlorophenoxyacetic acid 
(2,4-D; Sigma D7299-100G) outlined in Table 2.2 and 6-benzylaminopurine (BAP; 
Sigma B-3408), 8 g/L plant agar at pH 5.8 (Vogel et al., 2006). CIM for B. 
sylvaticum consisted of  4.4 g/L of MS salts with vitamins, 30 g/l maltose (BDH lab 
reagents 29131), 500 mg/L casein hydrolysate (Sigma C-0626), 1 ml of 0.6 mg/ml of 
CuSO4, different concentrations of 2,4-Dichlorophenoxyacetic acid (2,4-D) and 6-
Benzylaminopurine (BAP) outlined in Table 2.2, adjusted pH to 5.8 using 0.1 M 
NaOH or HCl and 8 g/L of plant agar (Steinwand et al., 2013). Plates were sealed 
with parafilm and placed in the dark at 28C. Each petri dish contained 15-20 
immature embryos, with 200 immature embryos plated for each hormone 
concentration. Four replicates of 50 embryos were plated for each concentration. 
Embryonic callus was observed after 2-3 weeks. Any evidence of a coleoptile and/or 
radicle from the calli was excised immediately (Lee, 2011). Immature embryos were 
also plated on CIM with no hormones as a control. After 4 weeks the embryos that 
produced type II friable compact yellow embryonic callus were weighed and broken 
into pieces of approximately 2-5 mm and transferred to fresh CIM. The calli were 
subcultured after 4 weeks and the final weight was taken after 1 week.    
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Table 2.2: Concentrations of 2,4D and BAP used together in the media to promote callus growth. 
Each column represents a different medium.  
 
 Hormone concentration 
Hormone  mg/L mg/L mg/L mg/L mg/L 
2,4-D 0 2 2.5 5 7 
BAP 0 2 2.5 5 7 
 
 
2.3.3 Callus induction from mature seeds of B. distachyon and B. sylvaticum  
Mature seed from both species were soaked in sterile water for two hours before the 
removal of the palea and lemma using fine forceps (type 4). The dehusked seeds 
were surface sterilized using 70% v/v ethanol for 30 seconds and 15% “domestos” 
bleach plus 0.1% Triton X-100 for 30 mins in an Eppendorf tube. Seeds were 
washed 3 times with sterile distilled water (Bablack et al., 1995). Seeds were placed 
on CIM consisting of 4.4 g/L of LS with vitamins (Duchefa L0230.0010), 30 g/L of 
sucrose, 1 mL of 0.6 mg/ml Cu2SO4 (Alves et al., 2009), different concentrations of 
2,4-D and BAP outlined in Table 2.2, 8 g/L plant agar at pH 5.8 (Vogel et al., 2006). 
Plates were sealed with parafilm and placed in the dark at 28℃. Each petri dish 
contained 30-40 seeds placed with the tip of the endosperm submerged in the agar, 
with 5 replicates for each hormone concentration. 200 mature seeds from each 
species were plated on each media type. Any shoots from the calli were excised 
immediately (Alves et al., 2009). After 2 weeks the remaining seed coat was 
removed. Calli that produced type 1 compact yellow embryonic callus were weighed 
and broken into pieces around 2-5 mm and transferred to fresh CIM after 4 weeks. 
Calli were then subcultured again, after 4 weeks and an additional one week where 
the final weight was recorded.  
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2.3.4 Regeneration of callus from immature and mature embryos of B. 
distachyon and B. sylvaticum. 
To regenerate plants from both species, healthy compact yellow callus was placed on 
regeneration medium consisting of  4.4 g/L of LS salts with vitamins, 30 g/L of 
maltose with 8 g/L plant agar at pH 5.8  (Behpouri et al., 2018). The plates were 
sealed with parafilm and placed in growth chambers set at 20h light (at 110 μmol m-2 
s-1) and 4h dark at a temperature of 25 °C without shading. Once the plantlets were 2-
4 cm tall they were transferred to magenta pots with the same media.  
 
 
2.4 Transformation of callus from immature and mature embryos of B. 
distachyon and B. sylvaticum using Agrobacterium tumefaciens  
 
2.4.1 Callus induction  
Callus induction medium for mature and immature embryos from B.distachyon 
consisted of 4.4 g/L of Linsmaier and Skoog medium with vitamins (LS), 30g/L of 
sucrose, 1mL of 0.6mg/ml Cu2SO4, 2.5mg/L of  2,4-dichlorophenoxyacetic acid 
(2,4-D) and 6-benzylaminopurine (BAP), 8g/L plant agar at pH 5.8 as this medium 
proved optimal for callus induction of B. distachyon.  
Callus induction medium for mature and immature embryos from B. sylvaticum 
consisted of 4.4 g/L of MS salts with vitamins, 30 g/l maltose, 500 mg/L casein 
hydrolysate, 1 ml of 0.6 mg/ml of CuSO4, 5mg/L of 2,4-Dichlorophenoxyacetic acid 
(2,4-D) and 6-Benzylaminopurine (BAP), adjusted pH to 5.8 using and 8 g/L of 
plant agar. All callus was subcultured after 4 weeks and transferred to fresh CIM. 
Calli were then subcultured again, after 4 weeks and an additional one week before 
the transformation. Calli were then subcultured again, after 4 weeks and an 
additional one week before the transformation. 
 
2.4.2 Maintenance of the bacterial cultures 
The hypervirulent bacterial strain of A. tumefaciens AGL1 containing pCAMBIA 
1305.2 vector (Fig. 2.1) was sourced from bacterial stock within the School of 
BEES. The bacteria were streaked using a flamed loop in a “T streak” method on a 
solid medium plate containing Luria-Bertoni (LB; Sigma 1002692436) broth agar 
and 100mg/L of kanamycin sulfate (Sigma 101340225). The plates were sealed 
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using parafilm and placed in an incubator at 28C. Visible colonies were observed 
after 2-3 days. Cultures were re-streaked onto fresh media every 7-8 days.  
 
2.4.3 A. tumefaciens-mediated transformation of callus    
Single colonies of the bacteria were scraped off solid plates, using a flamed loop and 
resuspended in 20 g/L of LB broth and 45 ml/L of acetosyringone (Duchefa) 
(Behpouri et al. 2018) and grown to an OD600  =1 at 28℃ shaking at 140 rpm. The 
calli from both mature and immature embryos of both species were placed in sterile 
Eppendorf tubes approximately ¾ full. An aliquot of 1.5 ml of the Agrobacterium 
suspension was added to the tubes which were capped and inverted for 10 mins. The 
excess Agrobacterium suspension was removed using a sterile pipette. The callus 
pieces were transferred to sterile filter paper and allowed to dry for 30 mins to 1 hour 
in a flow hood (Bragg et al., 2015; Vogel et al., 2006). When dry, callus pieces were 
co-cultured on 4.4 g/L of LS, 30 g/L of sucrose, 60 mg/L acetosyringone, 8 g/L plant 
agar (Behpouri et al., 2018) and incubated at 28C in the dark for 3 days. Calli were 
then transferred to selection media containing 4.4 g/L of LS, 30 g/L of sucrose, 1 mL 
of 0.6 mg/ml Cu2SO4, 274 mg/L of ticarcillin disodium/clavulanate potassium, 40 
mg/L hygromycin (sigma), 8 g/L of plant agar and incubated at 28 °C in the dark. 
The pieces of calli were subcultured every 7 days for 2 weeks. The pieces of calli 
were then transferred to regeneration medium as described previously with the 
addition of 40 mg/L hygromycin, 0.92 µM kinetin (Sigma), 275mg/L ticarcillin 
disodium (Duchefa) and 0.5mg/L of thidiazuron (Duchefa) and placed in a growth 
chamber set at 20h light (at 110 μmol m-2 s-1) and 4h dark at a temperature of 25 °C 
without shading. As this medium will induce growth and regenerate the callus 
pieces, 6-10 pieces of callus were plated to each petri dish. Callus was transferred to 
fresh regeneration medium every 2 weeks. Shoots were transferred to regeneration 
medium with no added chemicals as soon as they were large enough to handle 
(approx 6-8 weeks) (Steinwand et al., 2013). The controls for this transformation 
were treated using the same protocol, except the LB broth and acetosyringone 
solution was not inoculated with AGL1. The control callus was selected against 
during the incubation on selection medium and the calli desiccated.  
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Figure 2.1 map of the pCAMBIA 1305.2 vector which was present in the AGL1 strain.  
 
2.4.4 DNA extraction. 
DNA was extracted from explants using Edwards buffer solution (Edwards et al. 
1991), consisting of 200 mM of Tris-HCl (pH7.5), 250 mM NaCl, 25 mM EDTA 
and 0.5% SDS. Explant material was added to an Eppendorf tube containing 400 µl 
of Edwards buffer solution. The explant material was ground up using a plastic 
pestle inside the Eppendorf. The solution was centrifuged at 13000 rpm for 5 mins. 
The supernatant was removed and added to a new Eppendorf containing 300 µl of 
isopropanol. The solution was inverted and left at room temperature for 5 mins 
followed by centrifugation at 13000 rpm at room temperature for 10 mins. The 
supernatant was removed, and the pelleted DNA was washed with 500 µl of 70% 
(v/v) ethanol and centrifuged for 5 minutes at 13000 rpm. Excess ethanol was 
removed, and the pellets of DNA were allowed to air dry. The DNA pellets were re-
suspended in sterile distilled H2O.  
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2.4.5 PCR analysis of transgenic material   
The T-DNA gene of interest was the hptII gene expressing hygromycin resistance. 
To ensure that the PCR results were not coming from Agrobacterium present on the 
outside of the calli, additional primers FGPvirB11+21 and FGPvirG15’ were 
designed (Table 2.3) from the intercistronic region between Vir B and Vir G of the 
Vir region of pTi (Puopolo et al., 2007). This intercistronic region is not a part of the 
T-DNA sequence. Therefore, the intercistronic region should not be detected using 
PCR and gel electrophoresis reactions in transformed plant tissue.     
   
Table 2.3: Summary of the primers and genes targets used in the PCR investigation.  
 
Target gene: Forward primer:  Reverse Primer: 
hptII (760Kb) GTCAACCAAGCTCTGATA GTCCTGCGGGTAAATAG 
Intercistronic region 
between Vir B and Vir G. 
(246Kb) 
TGCCGCATGGCGCGTTGTAG GAACGTGTTTCAACGGTT
CA 
 
An aliquot of 1 µl of DNA was added to microplates containing 10 µl of 2X Top Bio 
PP mastermix (Top Bio), 0.2 µl of forward primer, 0.2 µl of reverse primer, 8.6 µl of 
sterile distilled H2O to make a 20 µl total volume. The solution was then spun for 30 
seconds before starting the PCR cycles. PCR cycles consisted of 15 minutes at 95C, 
followed by 35 cycles of 95°C for 30 seconds, 56 °C for 30 seconds and 72 °C for 30 
seconds. The PCR products were then run using gel electrophoresis on 1% agarose 
gel which was stained with SYBRsafe (Invitrogen), before being visualised and 
photographed under UV light.  
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 3.0 Results  
 
3.1 Germination results  
200 seeds from both species were plated on the different media represented in Table 
2.1. Germination was considered complete when the radicle was 2 mm in length. 
Measurement of the radicle was taken at the same time each day with 24-hour 
intervals. All experiments were carried out at 28°C. All mature seeds used from both 
species were observed to possess an embryo. 
Germination results from each replicate were pooled together to produce overall 
results. Germination of B. distachyon seeds was more rapid than that of B. 
sylvaticum. Germination time ranged from 2-19 days between the species on 
different media. B. distachyon had a 100% germination rate in 2 days in media 
containing MS + vit+ 3%S, whereas B. sylvaticum had a 91% germination rate on 
this medium in 9 days. The germination rate of both species was reduced in the 
absence of sucrose. Both species were observed to germinate on moist filter paper; 
however, the percentage germination was reduced for both species. B. sylvaticum 
was observed to have an overall slower germination rate than that of B. distachyon, 
this may be due to its perenniality. The B. sylvaticum plant tissue was observed to be 
paler in colour than that of B. distachyon.  
 
Table 3.1 A summary of the quantitative results of germination tests of both species.  200 seeds with 
a viable embryo were plated on each of the different media. Abbreviations; BS= B. sylvaticum, BD= 
B. distachyon S= sucrose, vit= Vitamins, MS= Murashige and Skoog  
Media used Plant species  No. of germinated 
seeds 
Time taken to 
germinate 
(days) 
% germination  
MS+ vit 3% S BS 181 9 91% 
MS+ vit no S BS 176 11 88% 
MS basal 3% S BS 198 13 99% 
MS basal no S BS 170 19 85% 
Filter paper BS 164 13 82% 
MS+ vit 3% S BD 199 2 100% 
MS+ vit no S BD 197 2 99% 
MS basal 3% S BD 189 4 95% 
MS basal no S BD 191 5 96% 
Filter paper BD 186 6 93% 
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Figure 3.1: Germination of B. distachyon on different media outlined in table 2.1. Eight replicates of 
25 seeds were observed daily and results collectively recorded. 
 
 
 
Figure 3.2: Germination of B. sylvaticum on different media outlined in table 2.1. Eight replicates of 
25 seeds were observed daily and results collectively recorded 
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Figure 3.3: Comparison of overall germination percentage of mature seeds of both species on 
different media outlined in Table 2.1. Eight replicates of 25 seeds were observed daily and results 
collectively recorded.  
 
3.2 Callus induction of B. sylvaticum  
The CEC production and growth of mature and immature embryos of B. sylvaticum 
were carried out in accordance with Steinwand et al. ( 2013) with different 
concentrations of 2,4-D and BAP (2.5, 5 and 7mg/L) in the CIM. It was observed 
that mature seeds of B. sylvaticum produced more watery and more necrotic non-
embryogenic callus than immature embryos. There was no CEC produced in the 
control experiments, all embryos differentiated and produced shoots and roots. 
Results of the control experiments were not presented in Figure 3.3 as no callus was 
produced.  
Statistical analysis (ANOVA) of the results of the wet weight of the CEC produced 
from mature seeds of B. sylvaticum displayed differences between the concentrations 
of 2.5, 5 and 7 mg/L in the CIM at 9 weeks growth (p = 0.019). From the post hoc 
Tukey test, there was no significant difference between the callus production on CM 
with 5 mg/L and the other concentrations of 2,4-D and BAP at 9 weeks growth. 
However, there was a significant difference between 2.5 mg/L and 7 mg/L of 2,4-D 
and BAP.  
5 mg/L of 2,4-D and BAP for mature seeds of B. sylvaticum produced the most CEC. 
Increasing or decreasing the concentration of 2,4-D and BAP from 5 mg/L reduced 
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the amount of CEC produced. The increase of the concentration of 2,4-D and BAP 
from 2.5 mg/L produced the greatest decline in CEC production. 2.5 mg/L of 2,4-D 
and BAP was observed to produce the highest rate of non-CEC necrotic callus. It 
was also observed that there was more premature root and shoot differentiation at 2.5 
mg/L of the mature seed than at the higher concentrations.  
 
 
 
Figure 3.4: Quantitative results of the production of compact embryonic callus from mature seeds of 
B. sylvaticum with 2.5, 5 and 7mg/L of 2,4-D and BAP in CIM after 9 weeks growth (outlined in 
Table 2.2). The CEC is represented in grams of the wet weight of the callus. Four replicates of 50 
mature seeds were plated at the beginning, CEC from each were subcultured for 9 weeks. Error bars 
indicate the minimum and maximum values of the wet weight CEC per hormone concentration at 
each time point. 
 
Table 3.2 Results of the one-way ANOVA and post hoc Tukey test from the differences in the weight 
of the callus pieces under 2.5, 5 and 7mg/L of 2,4-D and BAP in CIM for mature seeds of B. 
sylvaticum.  
 
ANOVA 
  Sum of Squares df Mean Square F Sig. 
Between 
Groups 
1.244 2 0.622 6.328 0.019 
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Within Groups 0.885 9 0.098     
Total 2.129 11       
 
 
Multiple comparisons: The mean difference is significant at the 0.05 level. 
Tukey HSD 
  Mean 
Difference 
(I-J) 
Std. Error Sig. 95% 
Confidence 
Interval 
  
          Lower 
Bound 
Upper 
Bound 
2.5mg/L CIM 5mg/L CIM -0.53040 0.22169 0.093 -1.1494 0.0886 
  7mg/L CIM -.77072* 0.22169 0.017 -1.3897 -0.1518 
5mg/L CIM 2.5mg/L CIM 0.53040 0.22169 0.093 -0.0886 1.1494 
  7mg/L CIM -0.24033 0.22169 0.547 -0.8593 0.3786 
7mg/L CIM 2.5mg/L CIM .77072* 0.22169 0.017 0.1518 1.3897 
  5mg/L CIM 0.24033 0.22169 0.547 -0.3786 0.8593 
 
 
 
For immature embryos of B. sylvaticum, statistical analysis (ANOVA) of the results 
of the wet weight of the CEC produced from IE of B. sylvaticum displayed 
differences between the concentrations of 2.5, 5 and 7 mg/L in the CIM at 9 weeks 
growth (p = 0.019). From the post hoc Tukey test, there were significant differences 
between 5 mg/L of 2,4-D and BAP and the other concentrations at 9 weeks growth. 
There was no significant difference between 2.5 mg/L and 7 mg/L of 2,4-D and 
BAP. Increasing or decreasing the concentrations from 5 mg/L decreased CEC 
production and increased the production of non-CEC and watery necrotic callus. 
With the reduction of the concentration of 2,4-D and BAP produced the greatest 
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decline in CEC production.  2.5 mg/L of 2,4-D and BAP was observed to produce 
the highest amount of non-CEC necrotic callus. It was also observed that there was 
more root and shoot differentiation at 7 mg/L of the IE’s than at the lower 
concentrations. The results are represented in Figure 3.5.  Overall, both mature and 
immature embryos of B. sylvaticum produced the most CEC in CIM supplemented 
with 5mg/L of 2,4-D and BAP.  
 
 
 
Figure 3.5: Quantitative results of the production of compact embryonic callus from immature 
embryos of B. sylvaticum with 2.5, 5 and 7mg/L of 2,4-D and BAP in CIM after 9 weeks growth 
(outlined in Table 2.2). The CEC is represented in grams of the wet weight of the callus. Four 
replicates of 50 immature embryos were plated at the beginning, CEC from each were subcultured for 
9 weeks. Error bars indicate the minimum and maximum values of the wet weight CEC per hormone 
concentration at each time point.  
 
 
Table 3.3 Results of the one-way ANOVA and post hoc Tukey test from the differences in the weight 
of the callus pieces under 2.5, 5 and 7mg/L of 2,4-D and BAP in CIM for immature embryos of B. 
sylvaticum.  
 
ANOVA 
  Sum of Squares df Mean Square F Sig. 
Between 
Groups 
3.791 2 1.896 29.673 0.019 
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Within Groups 0.575 9 0.064     
Total 4.366 11       
 
 
Multiple comparisons: The mean difference is significant at the 0.05 level. 
 
Tukey HSD 
  Mean 
Difference (I-J) 
Std. Error Sig. 95% 
Confidence 
Interval 
  
          Lower 
Bound 
Upper Bound 
2.5mg/L CIM 5mg/L CIM -1.33705* 0.17873 0.000 -1.8361 -0.8380 
  7mg/L CIM -0.38388 0.17873 0.135 -0.8829 0.1151 
5mg/L CIM 2.5mg/L CIM 1.33705* 0.17873 0.000 0.8380 1.8361 
  7mg/L CIM .95318* 0.17873 0.001 0.4542 1.4522 
7mg/L CIM 2.5mg/L CIM 0.38388 0.17873 0.135 -0.1151 0.8829 
  5mg/L CIM -.95317* 0.17873 0.001 -1.4522 -0.4542 
 
 
 
 
3.3 Callus induction of B. distachyon  
The callus induction of B. distachyon was carried out in accordance with Vogel 
(2006); Bragg et al. (2015); Vogel and Hill (2008) and Behpouri et al., (2018) with 
the addition of BAP in the CIM. B. distachyon had a greater response to the CIM 
producing more embryonic callus in grams of wet weight than B. sylvaticum. Growth 
of the callus was more rapid than that of B. sylvaticum whilst also producing more 
CEC. It was observed that mature seeds of B. distachyon produced more watery, 
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necrotic non-embryogenic callus than immature embryos. There was no CEC 
produced in the control experiments, all embryos differentiated and produced shoots 
and roots. Results of the control experiments were not presented in Figure 3.6.  
Statistical analysis (ANOVA) of the results of the wet weight of the CEC produced 
from mature seeds of B. distachyon displayed differences between the concentrations 
of 2.5, 5 and 7 mg/L in the CIM at 9 weeks growth (p = 0.011). From the post hoc 
Tukey test, there was no significant difference between the wet weight of CEC in 
CIM with 5mg/L of 2,4-D and BAP and the other concentrations at 9 weeks growth. 
There was a significant difference between the wet weight of CEC in CIM with 2.5 
mg/L and 7 mg/L of 2,4-D and BAP at 9 weeks growth. Increasing the hormone 
concentrations from 5 mg/L decreased CEC production and increased the production 
of non-CEC and watery necrotic callus and premature shoot and root differentiation. 
CIM with 7 mg/L of 2,4-D and BAP was observed to have the most necrotic non-
CEC than the other concentrations.  
 
 
 
Figure 3.6: Quantitative results of the production of compact embryonic callus from mature seeds of 
B. distachyon with 2.5, 5 and 7mg/L of 2,4-D and BAP in CIM after 9 weeks growth (outlined in 
Table 2.2). The CEC is represented in grams of the wet weight of the callus. Four replicates of 50 
mature seeds were plated at the beginning, CEC from each were subcultured for 9 weeks. Error bars 
indicate the minimum and maximum values of the wet weight CEC per hormone concentration at 
each time point.  
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Table 3.4 Results of the one way ANOVA and post hoc Tukey test from the differences in the weight 
of the callus pieces under  2.5, 5 and 7mg/L of 2,4-D and BAP in CIM for mature seeds of 
B.distachyon.  
 
ANOVA 
  Sum of Squares df Mean Square F Sig. 
Between Groups 1.200 2 0.600 7.735 0.011 
Within Groups 0.698 9 0.078     
Total 1.899 11       
 
 
Multiple comparisons: The mean difference is significant at the 0.05 level. 
Tukey HSD 
  Mean 
Difference 
Std. Error Sig. 95% 
Confidence 
Interval 
  
          Lower Bound Upper 
Bound 
2.5mg/L CIM 5mg/L CIM 0.54705 0.19696 0.051 
 
-0.0029 1.0970 
  7mg/L CIM .74855* 0.19696 0.011 0.1986 1.2985 
5mg/L CIM 2.5mg/L CIM -0.54705 0.19696 0.051 
 
-1.0970 0.0029 
  7mg/L CIM 0.20150 0.19696 0.582 -0.3484 0.7514 
7mg/L CIM 2.5mg/L CIM -.74855* 0.19696 0.011 -1.2985 -0.1986 
  5mg/L CIM -0.20150 0.19696 0.582 -0.7514 0.3484 
 
 
Statistical analysis (ANOVA) of the results of the wet weight of the CEC produced 
from immature embryos of B. distachyon displayed differences between the 
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concentrations of 2.5, 5 and 7 mg/L in the CIM (p = 0.031). From the post hoc 
Tukey test, there was a significant difference between 2.5mg/L and 7mg/L of 2,4-D 
and BAP. There were no significant differences between 5 mg/L and the other 
concentrations of 2,4-D and BAP. There was a significant difference between 7 mg/l 
and both other concentrations.  With the increase of 2,4-D and BAP, the production 
of CEC decreased, with an increase in watery and necrotic non-embryogenic callus. 
For both mature and immature embryos of B. distachyon, the optimal concentration 
of 2,4-D and BAP in the CIM was 2.5mg/L.  
Immature embryos of both species produced more CEC than mature seeds under 
favourable hormone conditions. Some calli showed signs of necrosis; often yellow 
CEC was generated from this brown callus. Approximately 150-170 callus pieces 
were induced for immature embryos in both species, while only 80-100 pieces were 
induced from mature seeds of both species.  
 
 
 
Figure 3.7:  Quantitative results of the production of compact embryonic callus from immature 
embryos of B. distachyon with 2.5, 5 and 7mg/L of 2,4-D and BAP in CIM after 9 weeks growth 
(outlined in Table 2.2). The CEC is represented in grams of the wet weight of the callus. Four 
replicates of 50 immature embryos were plated at the beginning, CEC from each were subcultured for 
9 weeks. Error bars indicate the minimum and maximum values of the wet weight CEC per hormone 
concentration at each time point.  
 
Table 3.5 Results of the one-way ANOVA and post hoc Tukey test from the differences in the weight 
of the callus pieces in CIM containing 2.5, 5 and 7mg/L of 2,4-D and BAP for immature embryos of 
B. distachyon.  
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ANOVA      
  Sum of 
Squares 
df Mean 
Square 
F Sig. 
Between 
Groups 
3.904 2 1.952 5.269 0.031 
Within Groups 3.335 9 0.371     
Total 7.239 11       
 
 
Multiple comparisons: The mean difference is significant at the 0.05 level. 
Tukey HSD 
  Mean 
Difference 
(I-J) 
Std. Error Sig. 95% 
Confidence 
Interval 
  
          Lower Bound Upper Bound 
2.5mg/l CIM 5mg/L CIM 0.78460 0.43043 0.217 -0.4172 1.9864 
  7mg/L CIM 1.39353* 0.43043 0.025 0.1918 2.5953 
5mg/l CIM 2.5mg/L 
CIM 
-0.78460 0.43043 0.217 -1.9864 0.4172 
  7mg/L CIM 0.60893 0.43043 0.374 -0.5928 1.8107 
7mg/l CIM 2.5 mg/L 
CIM 
-1.39352* 0.43043 0.025 -2.5953 -0.1918 
  5mg/L CIM -0.60893 0.43043 0.374 -1.8107 0.5928 
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Figure 3.8. Callus production from immature embryo sources from both species. A: An image of 
an excised immature embryo on the tip of a fine forceps of B. distachyon before plating into CIM. The 
immature embryo is colourless and translucent and is approx. 7 mm. This immature embryo will 
produce CEC on CIM. Scale bar 5mm. B. Immature embryos of B. sylvaticum showing a yellow 
colour due to the light from the microscope. Immature embryos of B. sylvaticum are generally longer 
in length than those of B. distachyon whilst not as wide. The first embryo is opaque and white in 
colour indicating it may be too mature to produce CEC. The final three embryos are smaller and are 
translucent around the scutellum indicating they will produce CEC. Scale bar 5mm.  C. The area in 
the immature seed where the immature embryo is located. Scale bar 10mm D. Callus from immature 
embryos of B. distachyon after 4 weeks growth on CIM containing 5mg/L of 2,4-D and BAP. Scale 
bar 1cm. E. Image of callus from B. distachyon that is watery and has shoots present prior to excision. 
The callus was induced on media containing 7mg/L of 2,4-D and BAP after 8 weeks. Scale bar 5mm. 
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F. Image of regenerating callus from immature embryos of B. sylvaticum. Green Shoots began to 
emerge around 5 weeks after placing healthy CEC on regeneration media and incubating them in 
light. Scale bar 5mm.  
 
 
 
 
Figure 3.9 Callus production from mature seed sources from both species. A: An image of callus 
production from the mature seed of B. sylvaticum. The callus id brown and necrotic whilst also 
showing shoot production before excision. Scale bar is 5mm. B: Embryonic callus from the mature 
seed of B. distachyon showing different types of embryonic callus. Arrow 1 indicates watery 
translucent callus that is non-embryogenic. Arrow 2 indicates necrotic brown callus. This was 
produced regularly by mature seeds of both species. Arrow 3 indicates yellow CEC. This callus was 
produced from B. distachyon at 2.5mg/L after 4 weeks growth on CIM. C: Yellow CEC growing 
from brown necrotic callus of B. sylvaticum on CIM with 7mg/L of 2,4-D and BAP. D: An image of 
callus regenerating after 8 weeks growth on regeneration medium from mature seed callus from B. 
sylvaticum. 
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3.4 Results of the transformation of embryogenic callus and PCR analysis  
 
For the transformation of CEC from both species, AGL1 was used with the 
pCAMBIA 1305.2 vector with the hptII gene with hygromycin resistance was used 
in this experiment. All CEC produced from previous CIM explorations were 
transformed collectively. A concentration of 40 mg/L of hygromycin was used in 
selection medium to select for transgenic calli (Behpouri et al., 2018). Calli that was 
not transgenic was selected against, whilst transgenic callus would proliferate on 
selection medium. During the 2 weeks of callus on the selection medium 
approximately half of all the callus plates showed signs of necrosis and browning. 
These calli pieces were not removed immediately as often healthy transformed calli 
would proliferate from brown calli. From the PCR results it became evident that 
callus that grew from browned necrotic callus was not transformed. Any callus that 
was not regenerating was discarded after 2 weeks on selection medium. The 
remaining yellow healthy callus was transferred onto regeneration medium. Some of 
the transgenic calli did not regenerate but were confirmed to be transformed from the 
PCR results. Due to time restrictions, regeneration was considered complete when 
green shoots reached 5 mm in length from the callus. Regeneration of B. sylvaticum 
was slower than that of B. distachyon, with an overall lower regeneration rate. 
 
 
Figure 3.10 A gel image if the PCR analysis results of the pCAMBIA 1305.2 hptII gene. Lanes 1-4 
represent PCR results from transformed calli from mature seeds of B. sylvaticum. Lanes 4-7 represent 
PCR results from transformed calli from immature embryos of B. sylvaticum. Lane 8 is the negative 
control. Lane 9 is the 1.5kb base ladder. Lanes 10-13 represent calli from mature seeds of B. 
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distachyon. Lanes 14-17 represent calli from immature embryos from B. distachyon. Lane 18 is a 
negative control. Some of the bands indicating a positive result are larger than the others. In this case, 
there was too much DNA in the sample being tested. The amount of DNA present in the samples was 
then calculated using Nanodrop technologies to determine if certain samples needed to be diluted to 
get clearer bands on the gel image. 
 
 
To determine if the transformation was successful, PCR analysis was carried out in 
search of the hptII (760Kb) and the intercistronic region between Vir B and Vir G 
genes (246Kb) (Figure 3.10). This intercistronic region is not a part of the T-DNA 
sequence. Therefore, the intercistronic region should not be detected using PCR and 
gel electrophoresis reactions in transgenic callus. An isolated colony of AGL1 was 
used as the positive control for detection of the intercistronic region, whilst sterile 
water was used as the negative control for both reactions. The DNA was isolated 
from transgenic calli after 6 weeks on regeneration media. None of the samples 
showed the presence of the Vir genes indicating that the agrobacterium was not 
present on the outside of the callus (negative results not shown). Therefore, the 
regeneration medium with a concentration of 275 mg/L Ticarcillin disodium was 
successful at eliminating the external AGL1. PCR analysis targeting the hptII gene in 
a subset of transformed plants showed positive and negative results. All CEC from 
both species was produced using the optimal CIM (outlined above) 200 embryos 
were plated. Overall wet weight of CEC was measured and the amount of calli 
pieces (5 mm) before transformation. Percentage regeneration was the amount of 
calli pieces producing shoots and roots from the overall transformed number of 
pieces. From Table 3.7 it can be seen that some callus pieces regenerated and were 
not transformed. This should not have been the case as these pieces should have been 
selected against with Hygromycin in the selection medium. For future studies, the 
concentration of Hygromycin may need to be increased from 40 mg/L. Immature 
embryos of B. distachyon had the highest transformation efficiency, followed by 
immature embryos of B. sylvaticum. Overall callus from immature embryos from 
both species were more susceptible to transformation using AGL1 than callus from 
mature seeds. 
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Table 3.7: Transformation efficiency of the Brachypodium species. Abbreviations; BS= B. sylvaticum, BD= B. 
distachyon, + = positive result, - = negative result, PCR VIR= result of the PCR reaction of the intercistronic 
region between Vir B and Vir G, PCR pCAM = result of the hptII PCR reaction.  
 
Species Embryo 
type 
Calli 
Transformed 
and Plated 
No. of calli 
after 
selection 
PCR Vir PCR 
pCA
M 
Transforme
d plantlets 
% 
Regeneratio
n 
% 
Transformation 
B.S Immature 200 46 - + 31 15.5% 15.5% 
B.S Mature 200 52 - + 12 6% 6% 
B.D Immature 200 80 - + 52 26% 22.5% 
B.D Mature 200 79 - + 23 11.5% 9.5% 
Average      29.5 15% 13.4% 
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Section 4 
Discussion 
The Brachypodium genus was first investigated by Mullendore et al. (1948). Since 
then, just short of 1000 publications emerged, indicating the importance of this 
genus to plant science. With the ever-enhancing genome editing and sequencing 
methods in technology today, Brachypodium is enforcing its dominance in the race 
to become the next model species. An exclusive trait of Brachypodium includes the 
evolution and ecology of temperate grasses. B. distachyon has been put forward by 
many groups as a model species for monocot grasses (Draper et al., 2001; Vogel and 
Hill 2008; Alves et al., 2009, Behpouri et al.,2018). More investigation must be 
carried out to optimise protocols for callus induction and transformation. As shown 
by Steinwand et al. (2013), B. sylvaticum can be manipulated in tissue culture by 
Agrobacterium. More studies are needed to ensure accurate protocols for callus 
induction of B. sylvaticum especially for callus induction from the mature seed. 
Extensive testing of CIM to produce CEC is needed to determine if B. sylvaticum 
can exceed B. distachyon in callus induction and transformation. To develop B. 
sylvaticum as a model species would give genetic insight into perennial species. Both 
species can be examined against each other to indicate genes unique to each. The 
Joint Genome Institute records 23,649 T-DNA lines of B. distachyon, whilst also 
operating with different vectors processing transcriptional enhancers. Further 
research into T-DNA mutant lines are need for B. sylvaticum.  
    
For B. distachyon, immature embryos were collected at 6-7 weeks, while for B. 
sylvaticum they were collected at 7-9 weeks. Immature embryos that were between 3 
mm and 7 mm were observed to produce the maximum amount of CEC. Immature 
embryos that were larger than 7 mm were observed to produce watery soft callus that 
was not embryogenic as well as some CEC. Within the spikelet, immature embryos 
can be at different growth stages. Immature embryos at the bottom of the spikelet 
were developing more rapidly than those at the top and would be harvested first.  
 
From the callus induction investigations with different concentrations of 2,4-D and 
BAP in the CIM, it was favourable to work with mature seeds of both species as it 
was less labor intensive. However, mature seeds of both species did not produce as 
much CEC as immature embryos and many mature seeds did not produce CEC at all 
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on the media used. Further exploration of CIM unique to callus induction of mature 
seeds is needed. It was observed that the position of the mature seed on the media at 
the beginning of the examinations influenced results. More callus was produced 
when the tip of the seed was immersed in the media and the “embryo end” of the 
seed was above the CIM. This may be an influencing factor along with different 
methods of vernalization methods of the seeds.   
Extracting immature embryos from immature seeds is time-consuming and labor 
intensive. The overall amount of CEC from immature embryos from both species 
exceeded that of mature seed and therefore is favourable. Further investigations into 
the induction of CEC from mature seeds could optimise the transformation of these 
Brachypodium species. There were some abnormalities in the growth of CEC on 
CIM in immature embryos. Some embryos proliferated in much larger amount that 
others on the same CIM. This may be due to the maturity of the immature embryo. 
Further research is needed into the development of CEC from embryos at different 
stages.  
Callus production has been shown to be determined by auxin concentration as shown 
by Vogel (2006); Yu (2019); Behpouri et al., (2018); Vogel and Hill (2008); 
Ozdemir and Budak (2018). Throughout this experiment, BAP and 2,4-D were in 
different concentrations in CIM to induce callus. All immature embryos were 
between approx. 3 mm and 7 mm and placed onto CIM from both species. For B. 
distachyon the optimal concentration of 2,4-D and BAP in the CIM was 2.5 mg/L for 
CEC induction of both mature and immature embryos. For B. sylvaticum the optimal 
concentration of 2,4-D and BAP in the CIM was 5 mg/L for CEC induction of both 
mature and immature embryos. Decreases were seen when the optimal concentration 
of 2,4-D and BAP were deviated from this in the CIM.  
 
Overall transformation rates of B. distachyon were lower than what has been 
previously reported (highest transformation rate for B. distachyon 96% Lee et al., 
2011) in the literature. The PCR analysis was successful in determining the 
transformation of the regenerated plantlets. After immediate transformation in this 
investigation, callus was co-cultured on both sterile filter paper and co-culture 
medium. A GUS assay was performed on transformed tissue, a positive result was 
observed for both transformed and untransformed tissue (results not shown). Co- 
culturing the transformed callus on a medium was observed to be more efficient than 
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sterile filter paper as there was less browning of the callus pieces. Callus pieces co-
cultured on sterile filter paper dried out and browned and had limited regeneration 
ability. Callus pieces were transferred to fresh selection media when necessary as 
overgrowth of the A. tumefaciens AGL1 stopped growth and regeneration of the 
callus pieces (transfer ranged from 1-5 days). Transformation rates may be increased 
using different vectors and selectable markers as shown in Behpouri et al. (2018). 
Transformation rates of immature embryos of B. sylvaticum were reported by 
Steinwand et al. (2013) at 67%. In general transformation of monocot species is 
lower than that of dicots due to not being a natural host to Agrobacterium. Further 
investigation into different promoters and selectable markers will aid research into 
developing a model monocot species.  
Transformation rates of both species vary within the literature. This may be due to 
the different techniques (biolistic & suspension) as well as using different strains of 
Agrobacterium and different vectors.  
In summary, the lowest transformation for transgenic plantlets of 5 mm in length or 
more was callus from the mature seed of B. sylvaticum at 6% with immature 
embryos of B. sylvaticum having an efficiency of 15.5%. The highest transformation 
rate for transgenic plantlet was B. distachyon with a transformation rate of 26% from 
callus from immature embryos, with mature seeds of B. distachyon having a 
transformation rate of 11.5%. Overall B. distachyon had a higher transformation rate 
than B. sylvaticum. Once there are positive results for transgenic plantlets, this is the 
first step to the optimisation of transformation protocols and unlocking what is left to 
discovering these model species.  
To conclude, an overall positive transformation and regeneration of plantlets were 
observed for mature and immature embryos of both species indicating that both 
species can be considered being a model species for cereal or bioenergy crops. This 
research is timely as investigations are still ongoing to determine efficient protocols. 
 
 
Section 5 
Conclusions and Outlook 
Overall, there were positive results obtained from the transformation and 
regeneration of immature embryos and mature seeds of both B. distachyon and B. 
sylvaticum. If I were to complete this investigation again, the investigation of the 2-
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4D and BAP concentrations in CIM would be carried out in smaller intervals (0, 0.5, 
1, 1.5 etc) this may give a greater insight into the optimal concentration for callus 
induction in Brachypodium species. Other auxins and cytokinins need to be 
investigated to try and increase callus induction for the B. sylvaticum species. Once 
an optimal CIM for both species is determined different methods of transformation 
need to be examined in more detail. Different vectors and strains of Agrobacterium 
should be used to determine the highest transformation efficiency. Different optimal 
densities of A. tumefaciens may be investigated as too high an optimal density can 
lead to overgrowth and proliferation of the AGL1 and ultimately will terminate 
callus growth. 
Different cytokinin and auxins should be investigated on mature seeds of both 
species, as induction of callus from mature seeds was less time and resource-
intensive than that of callus induction of immature embryos.  
More time would be allocated to the regeneration of transformed plantlets to ensure 
growth in soil as well as in vitro. Optimal regeneration media needs to be determined 
for both species and embryo type. 
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Section 6: 
Supplementary material 
 
Figure 6.1 Summary of the transformation results of the Brachypodium sylvaticum mature and 
immature embryo callus transformation. + indicated a positive result. - indicates a negative result.  
Species/ 
embryo 
type 
Initial 
weight (G) 
No. of Calli before 
transformation 
Selected weight 
(G) 
PCR Vir PCR 
pCam 
weight of 
regenerated 
callus (G) 
No. of 
shoots  
No. of 
callus 
pieces 
% 
transforma
tion 
BSIE 0.5781g 7 0.3076g -  + 0.2649g 7 5  
BSIE 0.7136g 9 0.2881g -  + 0.0952g 4 3  
BSIE 0.8576g 10 0.3192g -  + 0.0501g 4 4  
BSIE 0.5244g 7 0.2335g -  + 0.1613g 5 5  
BSIE 0.2425g 5 0.0774g - - No regeneration - -  
BSIE 0.1667g 4 0.0619g -  + No regeneration - -  
BSIE 0.1383g 4 0.0717gg -  + 0.6942g 11 9  
Total  3.2212g 46 1.3594g     1.2657 31 26 15.50% 
BSMS  0.7564g 9 0.3974g - + 0.5038g 6 5   
BSMS 0.5318g 6 0.1188g - + 0.1664g 3 3   
BSMS 0.1764g 4 - - - - - -   
BSMS 0.4093g 5 0.093g - + No regeneration  - -   
BSMS 0.3909g 5 0.1007g - + 0.4915g 2 2   
BSMS 0.5835g 6 0.1027g - + 0.1684g 1 1   
BSMS  0.8441g 9 -   - - - -   
BSMS 0.7168g 8 -   - - - -   
Total 4.4092g 52 0.8126g     1.3301g 12 11 6% 
 
 
 
 
 
 
44 
Figure 6.2 Summary of the transformation results of the Brachypodium distachyon mature and 
immature embryo callus transformation.  + indicated a positive result. - indicates a negative result.  
 
Species/ embryo 
type 
Initial 
weight 
(G) 
No. of Calli 
before 
transformatio
n 
Selected 
weight (G) 
PCR 
Vir 
PCR 
pCam 
weight of 
regenerated 
callus (G) 
No. of 
shoots  
No. of 
callus 
pieces 
% transformation 
BDMS 0.7525 9 0.3372 - + 0.4692 2 2   
BDMS 0.4127 5 0.1864 - + 0.2748 2 1   
BDMS 0.2742 4 0.0915 - + No regeneration. None None   
BDMS 0.6415 6 0.4719 - - 0.6323 3 2   
BDMS 1.3906 12 1.0021 - + 1.1552 9 9   
BDMS 0.4336 5 0.1508 - + 0.1713 1 1   
BDMS 0.7878 8 0.5492 - + 0.7948 3 2   
BDMS 0.2906 5 0.0694 - - 0.1879 1 1   
BDMS 0.3391 6 0.1149 - + No regeneration. None None   
BDMS 0.2475 5 0.0857 - + No regeneration. None None   
BDMS 0.7862 9 0.5219 - + 0.7016 2 2   
BDMS 0.342 5 0     No regeneration. None None   
Total 6.6983 79 3.581     4.3871 23 20 9.50% 
BDIE  0.48 5 0.097 - + No regeneration  None  None    
BDIE  0.5629 7 0.1522 - - No regeneration  None  None    
BDIE  0.3654 5 0.311 - + 1.087 4 4   
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BDIE  0.4471 5 0.124 - + 1.1902 10 10   
BDIE  0.4654 5 0.2684 - + 1.0494 2 2   
BDIE 0.5473 7 0.082 - + 1.1763 7 7   
BDIE  1.3516 13 0.7238 - + 1.1935 3 3   
BDIE  0.8861 9 0.1507 - + 1.059 3 3   
BDIE  0.339 5 0.2434 - - 1.0725 3 3   
BDIE  0.7572 7 0.4761 - + 1.1172 5 3   
BDIE 0.4939 5 0.4686 - - 1.04 4 4   
BDIE  0.7676 7 0.5911 - + 1.3471 11 11   
Total 7.4635 80 3.6883     11.3322 52 50 22.50% 
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